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Xenophagyrough which cytosol and organelles are sequestered into a double-membrane
vesicle called an autophagosome and delivered to the vacuole/lysosome for breakdown and recycling. One of
its primary roles in unicellular organisms is to regulate intracellular homeostasis and to adjust organelle
numbers in response to stress such as changes in nutrient availability. In higher eukaryotes, autophagy plays
also an important role in stress-response, development, cell differentiation, immunity and tumor
suppression. Importantly, a misregulation in this catabolic pathway is associated with diseases such as
cancer, neurodegeneration and myopathies. For a long time, starvation-induced autophagy has been
considered a non-selective pathway, however, numerous recent observations revealed that autophagy can
also selectively eliminate speciﬁc proteins, protein complexes and organelles. Most of these studies used
yeast Saccharomyces cerevisiae as a model organism. In this compendium, we will review what is known
about the mechanisms and roles of selective types of autophagy in yeast and highlight possible connections
of these pathways with human diseases. In addition, we will discuss some selective types of autophagy,
which have so far only been described in higher eukaryotes.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Two major degradation pathways exist in eukaryotic cells: the
ubiquitin–proteasome system and autophagy. While the ﬁrst is
responsible for the rapid elimination of proteins when a fast
adaptation is needed, autophagy is mainly responsible for the
degradation of long-lived proteins and entire organelles. Most of the
organelles and macromolecular complexes are degraded by macro-
autophagy, which involves the formation of double-membrane
autophagosomes sequestering the structures that have to be
destroyed [1]. Autophagosomes fuse with the lysosome/vacuole,
resulting in delivery and subsequent degradation of the cargo in the
interior of this organelle (Fig. 1).
In addition to stress adaptation, this catabolic process is important
to ensure intracellular homeostasis during development. Moreover,
defects in autophagy are associated with several diseases [2].
Autophagy is important to maintain neuronal homeostasis, mainly
by preventing the accumulation of toxic aggregates. Loss of autophagy
results in early onset of neurodegeneration in conditional autophagy-
knock out mice, suggesting that a basal level of autophagy is
important to prevent the onset of these diseases [3,4]. A tight
connection between autophagy and cancer has also been demon-raft),
ll rights reserved.strated. Several tumor suppressor genes enhance autophagy, while
there are oncogenes that show an inhibitory effect on autophagy
(reviewed in [2]). However, the molecular events whereby autophagy
causes or prevents cancer are not completely clear.
More than 30 autophagy-related (Atg) proteins involved in
autophagy have been identiﬁed in yeast [5]. 17 of them form the
core of the autophagy machinery, participating in all types of
autophagy pathways. In addition, some Atg components are speciﬁ-
cally required for only one or few particular types of autophagy. In
yeast, most of the Atg proteins associate with a perivacuolar site
known as the pre-autophagosomal structure or phagophore assembly
site (PAS), which appears to be the site where autophagosomes are
generated [6].
In addition to macroautophagy, a related process called micro-
autophagy exists in which the vacuole limiting membrane directly
engulfs cytosolic material (Fig. 1e–f and g–h [1]). In particular, small
components can be taken up by tubular invaginations of the vacuole
limiting membrane whereas in certain cases, larger components are
engulfed by arm-like protrusions of the vacuole surface (Fig. 1).
Similar to macroautophagy, microautophagy can be induced in yeast
by starvation [7]. Although microautophagy has been reconstituted in
vitro [8], little is known about the underlyingmechanisms. In addition
to uptake of cytoplasmic structures, microautophagy might also be
important for the reduction of the vacuolar/lysosomal limiting
membrane, which increases in size during macroautophagy due to
the fusion of autophagosomes with the vacuolar membrane [9–11].
Fig. 1. Selective and non-selective types of autophagy in yeast S. cerevisiae. Refer to text for explanation.
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selective and non-selective autophagy. During the non-selective
process bulk cytosol and other cytoplasmic components are randomly
sequestered into autophagosomes (Fig. 1a). In contrast, during
selective macroautophagy, a speciﬁc cargo is exclusively enwrapped
into the double-membrane vesicle. These latter structures contain
little cytoplasm and their shape reﬂects that of their cargo (Fig. 1b–j).
All selective types of autophagy use the conserved core autophagy
machinery but they should possess a mechanism that assures the
accurateness in the speciﬁc selection of the cargo that has to be
eliminated. The basis of the recognition events remains rather unclear,
but some posttranslational modiﬁcations and speciﬁc co-factors have
recently been identiﬁed.
2. Selective types of autophagy
2.1. The Cvt pathway
The best characterized type of selective autophagy is the cyto-
plasm-to-vacuole targeting (Cvt) pathway,which is responsible for the
transport of two hydrolases directly from the cytoplasm into the
vacuole where they are enzymatically processed into their mature
form (Fig. 1b). The Cvt pathway is a biosynthetic process, and the core
machinery is almost identical to that of bulk autophagy but some
additional factors are required to ensure cargo speciﬁcity. Under
growth condition, the PAS formation is induced by the presence and
oligomerization of one of the two cargos, prApe1 [12]. prApe1, together
with its receptor Atg19, is packed into a large Cvt complex, which is
subsequently incorporated into the forming Cvt vesicle in proximity ofthe vacuolar surface through a process that requires Atg11, Atg19 and
actin (see below). Ape1 is a vacuolar enzyme synthesized in the
cytoplasm as an inactive precursor (prApe1) that assembles into a
large oligomer with about a diameter of 100–150 nm, which is then
recognized and binds the cargo receptor Atg19. The recruitment of this
complex to the PAS requires Atg11, which links the Atg19-cargo
complex to the core autophagy machinery because Atg11 is able to
interact with Atg1 and Atg9, two key regulators of autophagy,
ensuring their localization to the PAS [13]. As a consequence, only
when the cargo is properly located to the PAS, it is engulfed by the
forming double-membrane Cvt vesicle, thereby ensuring speciﬁcity of
the Cvt pathway. The complete Cvt vesicle then fuses with the vacuole
and releases the inner vesicle into the lumen of the vacuole. Although
Cvt vesicles are similar in morphology to autophagosomes, they are
smaller, their formation takes about 10 times as long as that of
autophagosomes and they largely exclude cytoplasm. Importantly,
both Atg19 and Atg11 are essential for the Cvt pathway, but they are
not required for non-selective bulk autophagy [14,15]. To date, no
evidence exists of a process in higher eukaryotes similar to the Cvt
pathway.
2.2. Mitophagy
The control of the quality and number of mitochondria is
important to maintain cellular homeostasis. Mitochondria supply
the cell with large amounts of energy by carrying out several
important metabolic processes such as fatty acid oxidation and
oxidative phosphorylation. Mitochondria, however, are also the main
source of harmful cellular reactive oxygen species (ROS), the by-
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and DNA. The accumulation of this damage has been implicated in
aging, cancer and neurodegeneration [16]. Yeast grown under natural
conditions often face nutritional changes that require cells to adapt
their mitochondrial content [17,18]. For example, the change from a
respiratory carbon source such as lactate to a fermentative one such as
glucose results in a diminution of mitochondrial enzymatic activity
that is achieved by a decrease in the number of mitochondria. One
mechanism to regulate the number of mitochondria is by inhibiting
their biogenesis. However, fast adaptation also requires the turnover
of existing mitochondria. Studies in both yeast and mammalian cells
indicate that autophagy plays a crucial role in this catabolic event. In
addition to regulating mitochondria number, the recognition and
clearance of damaged mitochondria is important for cell survival
because they release cell death inducing factors such as cytochrome c,
decrease the efﬁciency of ATP generation and can generate toxic
amounts of ROS [19].
The ﬁrst observation of selective mitochondrial degradation via
autophagy was made in 1977 by studying insect metamorphosis [20].
Later in 1992, mitochondria were detected in the interior of
autophagosomes upon nitrogen starvation of yeast cells [21]. In
particular, these vesicles in the vacuole, or autophagic bodies,
contained either mitochondria and cytoplasm or mitochondria
alone. The latter was the ﬁrst indication for a selective enclosure of
mitochondria by autophagosomes in yeast. To date, several ﬁndings
support the notion that a selective type of autophagy degrades
mitochondria, and this process was termed mitophagy.
Several different mechanisms have been proposed to mediate
mitophagy: non-speciﬁc macroautophagy [21], selective macroauto-
phagy [22], selective microautophagy [23–25] and non-selective
microautophagy (Fig. 1a, e, f) [24]. Thus, the mechanism underlying
mitophagy remains largely unclear. Nevertheless, two proteins
essential for yeast mitophagy have been identiﬁed. Aup1, a mito-
chondrial phosphatase residing in the inner mitochondrial mem-
brane space, has been found to be required for mitophagy induced
when cells enter stationary phase [26]. Interestingly, AUP1 deletion
results in the loss of cell viability under conditions that correlate with
the onset of mitophagy induction, suggesting a cell survival role for
Aup1 and mitophagy. However, it is still unknown if mitophagy
occurring under these conditions is selective and if it takes place via
macro- or micromitophagy, though evidence favors a microauto-
phagy process [27]. Another protein implicated in mitophagy is the
outer mitochondrial membrane protein Uth1. Uth1 is required for
efﬁcient mitophagy triggered by starvation conditions [28], but in
contrast to the cell survival role of Aup1, deletion of UTH1 results in
increased life span and viability upon nitrogen starvation. Using
electron microscopy, Kissova and co-workers found that when yeast
was grown on a non-fermentable carbon source such as lactate and
subsequently nitrogen starved, mitochondria were cleared by a
microautophagic process [24]. Interestingly, under these conditions,
two kinds of mitochondria-containing microautophagic structures
were observed; autophagic bodies containing either mitochondria
alone or mitochondria surrounded by cytosol. These observations
suggest the existence of both a selective and a non-selective bulk-
engulfment of mitochondria, where only the selective pathway fully
depends on Uth1.
Both Aup1 and Uth1 are not required for non-selective macro-
autophagy, further supporting the idea of a selective mitophagy
pathway. While both proteins are required for mitophagy, deletion of
UTH1 results in increased viability under mitophagy-inducing condi-
tions while the absence of AUP1 has the opposite effect. Consistent
with this, aup1Δ cells are rapamycin sensitive, whereas uth1Δ
mutants show resistance to the same toxin. These data, however,
have to be carefully interpreted, because the different experimental
setups used to induce the elimination of mitochondria, starvation
versus long-term stationary phase, could trigger similar but mechan-istically different degradation pathways. In addition, both proteins
could have non-mitophagy roles, which might be responsible for their
different phenotypes. It is still difﬁcult to draw a mechanistic model
about mitophagy that integrates these two proteins because the
functional interaction between them has not been studied so far.
Interestingly, Uth1 is regulated by phosphorylation (discussed in
[26]), but it seems unlikely that Aup1 is responsible for its depho-
sphorylation because these two proteins are spatially separated.
Further evidence for the existence of a selective mitophagy
pathway comes from the ﬁnding that mitophagy during starvation
and stationary growth depends on ATG11, a gene that is essential for
other selective types of autophagy such as the Cvt pathway and
pexophagy, but dispensable for non-selective bulk autophagy [29].
Similar to aup1Δ cells, autophagy deﬁcient strains were unable to
degrade mitochondria in stationary phase and showed a growth
defect with an arrest in the G1 phase of the cell cycle. Furthermore, the
mutants generated higher levels of ROS and accumulated dysfunc-
tional mitochondria, suggesting that autophagy proﬁcient cells are
able to selectively degrade damaged mitochondria [30].
The role of autophagyandmitophagy in cell survival remains rather
controversial. Under some conditions, mitophagy in Saccharomyces
cerevisiae correlates with a cell death phenomenon [22,31]. Mitochon-
dria inmammalian cells are a central regulator of cell death, and loss of
mitochondrial membrane potential and the release of mitochondrial
components, such as cytochrome c, trigger apoptosis.
Several pathologies and inherited diseases caused by mitochon-
drial mutations and dysfunctions have been described [16,32–34]. A
recent study reported that Parkin, the protein responsible for early
onset Parkinson's disease, is selectively recruited to dysfunctional
mitochondria and mediates their degradation via autophagy, suggest-
ing a failure to eliminate damaged mitochondria in the pathogenesis
of Parkinson's disease [35]. Furthermore, mitochondrial defects could
account for the cancer and aging conditions observed in autophagy-
compromised animals [36,37]. Finally, ROS production results in
damage of nuclear and mitochondrial DNA. In contrast to the nucleus,
mitochondria lack sophisticated repair and protection mechanisms.
Thereforemitochondrial DNA is more susceptible to mutations caused
by ROS resulting in a 10–1000 fold higher mutation rate than nuclear
DNA [36]. In agreement with this observation, cancer cells typically
show high levels of mitochondrial mutations and dysfunctions
[38,39]. The accumulation of damaged and non-functional compo-
nents caused by ROS is also characteristic for ageing cells. Conse-
quently, removal of damaged mitochondria via mitophagy might be
crucial for human health and to prevent ageing.
2.3. Pexophagy
Peroxisomes are organelles involved in many aspects of lipid
metabolism and the elimination of peroxides. These organelles can be
induced or turned over based on the needs of the cell. The balance
between biogenesis and degradation is tightly regulated, and excess or
damaged peroxisomes are degraded by an autophagy-related process
called pexophagy. Yeast and mammalian cells use mostly macropex-
ophagy for the turnover of these organelles but micropexophagy has
also been observed (Fig. 1g, h [40]).
Methylotrophic yeast such as Pichia pastoris and Hansenula
polymorpha are capable of utilizing methanol as a sole carbon source.
When these yeasts are grown in the presence of this compound, they
increase the peroxisome number because this organelle contains
enzymes essential tometabolizemethanol. When they are transferred
to a glucose or ethanol-rich environment, the superﬂuous peroxi-
somes are degraded by micro- and macroautophagy, respectively. H.
polymorpha also degrades excess peroxisomes via autophagy, where
both adaptation to glucose or ethanol results in a macroautophagic
pathway (reviewed in [41]). In bothyeasts this peroxisomal autophagy
is selective.
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elongates and engulfs a single peroxisome forming a double-
membrane pexophagosome, followed by its transport to and fusion
with the vacuole, where it is rapidly degraded (Fig. 1g). While similar
to other selective pathways pexophagy requires Atg11 [40], this
process also involves proteins speciﬁc to pexophagy. Pex14 and Pex3
are necessary for peroxisome biogenesis and it is believed that Pex14
is also involved in the recognition of this organelle during pexophagy.
In contrast, Pex3 has to be removed from the limiting membrane to
allow engulfment [42,43]. To date, no interaction between Pex14 and
Atg11 has been identiﬁed, but one possibility may be that an
additional factor links these two proteins, similar to Atg19 in the Cvt
pathway. A plausible candidate for this function is Atg30. In P. pastoris,
this protein interacts with Atg11 and it is essential for micro- and
macropexophagy but not bulk autophagy or the Cvt pathway [44].
When overexpressed, Atg30 is able to induce pexophagy even under
peroxisome-proliferation conditions, suggesting that it plays a key
role in the selection of peroxisomes as cargo for vacuolar delivery.
Several additional proteins required for certain types of pexophagy
have been identiﬁed, however, their relevance in this process differs
between yeast species and pexophagy-inducing conditions used
(reviewed in [40]).
Methylotrophic yeast can switch between macro- and micropex-
ophagy depending on the carbon source. In P. pastoris, macropex-
ophagy is induced when cells are transferred from methanol to
ethanol, while micropexophagy takes place upon switching to
glucose. Pfk1 is exclusively required for micropexophagy [45],
suggesting that both common and unique components regulate
these two types of pexophagy. The process of micropexophagy in
these yeasts is morphologically different from classical microauto-
phagy, and arm-like extensions of the vacuolar membrane are formed
and start to selectively engulf the peroxisomes. Fusion and con-
comitant sealing of this growing membrane results in the incorpora-
tion of the peroxisomes into the vacuole. The sequestering
membranes originate from the vacuole and contain proteins for
peroxisomal recognition. Fusion of these membranes requires the
micropexophagic membrane apparatus (MIPA), a double-membrane
structure, which is synthesized at the peroxisome surface and
completes the sequestration of the peroxisome from the cytosol. The
origin of the MIPA remains unknown, however it has been suggested,
that the Golgi could provide these structures [46]. This type of
micropexophagy has also been observed in H. polymorpha during
nitrogen starvation, although in this case this process appears not to
be selective (discussed in [41]).
Pexophagy has also been described in mammalian cells but it
remains to be investigated whether this process is selective [47]. To
date, no homologues of Atg11 or Atg30 could be identiﬁed. Never-
theless, several diseases including certain cancers, neuropathies,
Reye's syndrome, Refsum's disease, neonatal adrenoleukodystrophy
and pseudo-Zellweger syndrome result from an unbalanced number
of peroxisomes due to abnormal peroxisome biogenesis [48]. Thus,
adjusting peroxisome number by regulating pexophagy could be used
for therapeutic means.
2.4. Piecemeal autophagy of the nucleus
In S. cerevisiae, a process called piecemeal microautophagy of the
nucleus (PMN) leads to the pinching off and degradation of non-
essential portions of the nucleus into the vacuole in response to
starvation conditions (Fig. 1j). Nucleus-vacuole junctions (NVJs) are
velcro-like patches between the nucleus and the vacuole generated by
the interaction between a vacuolar membrane protein, Vac8, and the
outer nuclear membrane protein Nvj1 [49]. Upon starvation, Nvj1
expression is increased, and two proteins required for normal PMN
function, Osh1 and Tsc13, are sequestered to NVJs [50,51]. During
PMN, part of the NVJ buds into the vacuole resulting in a bleb, which isﬁnally released into the vacuolar lumen as a trilaminar vesicle by
scission. This process resembles a microautophagy process, where the
cargo is sequestered into an invagination of the vacuolar membrane.
Whereas microautophagic tube formation is largely independent of
ATG genes [11], PMN requires all proteins of the core autophagic
machinery as well as some additional proteins only required for this
type of selective autophagy such as for example Nvj1 [52]. Although a
speciﬁc adaptor protein has not yet been identiﬁed, it is interesting to
note that Atg11 is also required for PMN, suggesting that it may
provide a common mechanism for substrate-speciﬁc autophagy.
Although PMN is induced upon nutrient starvation, PMN does not
signiﬁcantly contribute to cell survival during starvation conditions
[53]. This is probably due to the lower amount of proteins turned over
through this process. However, PMN might be relevant in the
adjustment of certain processes in the nucleus, as for instance
transcription or ribosome biogenesis.
2.5. Reticulophagy
The endoplasmic reticulum (ER) is the entry site of secretory
proteins and of most integral membrane polypeptides [54]. These
factors are folded and modiﬁed in the ER and after proper acquisition
of their tertiary structure, they are allowed to leave this organelle and
are transported to their ﬁnal destination. Misfolded proteins are
recognized by the ER-associated degradation (ERAD) system and
retro-translocated into the cytoplasm where they are subjected to
proteasomal degradation [55]. This process is highly regulated and
many quality control checkpoints monitor these events to ensure that
the ER folding capacity is sufﬁcient and is adjusted according to the
cell's needs. The amount of protein translocation into the ER, the
concentration of ER luminal proteins and the size of this organelle are
tightly regulated [55]. The major regulation system is a direct ER-to-
nucleus signaling pathway called the unfolded protein response
(UPR), which senses the accumulation of unfolded proteins and
stimulates the production of ERAD components to increase the folding
capacity of this compartment [56]. To accommodate all these factors,
the UPR also induces the expansion of the ER. When the UPR system is
no longer needed, the ER reduces its volume to its homeostatic size.
Studies in yeast have shown that a selective type of autophagy termed
reticulophagy (or “ER-phagy”) participates in this reduction process
(Fig. 1i [57]).
Under starvation conditions, fragments of the ER are enwrapped
into autophagosomes and subsequently degraded in the vacuole [58].
Evidence that this engulfment might reﬂect a selective type of
autophagy comes from the ﬁnding that the presence of ER in these
autophagosomes depends on a functional actin cytoskeleton (see
below). Using UPR to induce ER remodeling in yeast, it was found that
under these conditions, the volume of the yeast ER strongly increased
[57]. Furthermore, double-membrane vesicles that exclusively contain
multi-lamellar ER were detected by EM. Accordingly, deletion of
autophagy genes lead to a growth defect upon UPR induction, further
suggesting that this catabolic pathway is involved in overcoming ER
stress. Thus reticulophagy appears to be involved both during
execution and termination of the UPR.
Even though both starvation- and UPR-induced reticulophagy have
been suggested to follow a selective pathway, they substantially differ
at a morphological level. Whereas upon starvation only ER fragments
were observed in autophagosomes, upon ER stress, the ER-containing
double-membrane vesicles showed multi-lamellar structures in their
interior [57]. These structures appear to be packed into ER-derived
double-membrane vesicles, suggesting that the ER can serve as the
membrane source of autophagosomes at least in this type of
autophagy [59]. Both types of reticulophagy have been shown to
depend on different Atg proteins: reticulophagy upon ER stress
depends on ATG8 [57], ATG5 [60], ATG1 and ATG12 [61] and possibly
also on ATG19 and ATG20, two factors exclusive to selective autophagy
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ATG16 [58], but does not require ATG5 and ATG12 [62]. Whether these
different types of reticulophagy follow a similar recognition pathway
and require the same autophagy components remains to be resolved.
Reticulophagy has also been observed in mammalian cells. UPR
activation induced the accumulation of ER-containing autophago-
somes [60]. Furthermore, knockout cells deﬁcient in autophagy
showed an increased death rate upon ER stress whereas autophagy
induction via rapamycin treatment resulted in an augmentation in
their resistance to the same conditions [60], suggesting a pivotal role
of autophagy in protecting cells against ER stress.
Importantly, it has also been demonstrated that reticulophagy is
involved in the elimination of certain aberrant aggregates that
accumulate in the ER [63]. Consequently, this selective process may
offer possibilities for potential therapeutic intervention to treat ER
storage diseases. For example, mutant ﬁbrinogen has been found to
aggregate in the ER and the clearance of these aberrant protein
amassments depends on autophagy [64]. Furthermore, a mutant form
of dysferlin is responsible for both limb girdle muscular dystrophy
type 2B and Miyoshi myopathy, which are both caused by the
formation of protein aggregates in the ER. These aggregates can be
eliminated by autophagy [63,65]. Whether degradation of these toxic
aggregates follows a similar pathway as reticulophagy observed upon
UPR or starvation induction needs to be investigated. ER stress
furthermore has been implicated in the development of malignant
melanoma [66]. Therefore, understanding the molecular events that
govern reticulophagy might be useful in the treatment of other
diseases as well.
2.6. Ribophagy
Since the discovery of autophagy, ribosomes have been observed in
autophagosomes and autophagic bodies by EM [67,68]. For a long
time, it was believed that bulk autophagy was randomly degrading
ribosomes due to their high abundance in the cytoplasm. However,
Takeshige and colleagues observed that condensed ribosomes were
present in some autophagic bodies, suggesting that these structures
might also followa selective type of autophagosomal degradation (Fig.
1c [21]). In S. cerevisiae, ribosomes are more rapidly turned over than
cytosolic proteins suggesting selective degradation of these structures
[69]. Ribosome degradation depends on the core autophagy compo-
nents Atg1 and Atg7 but also on Ccz1, a factor necessary for the fusion
of autophagosomes with the vacuole [70], implying that most
ribosomes are degraded by macroautophagy (our unpublished
results). Importantly, a genetic screen has lead to the discovery that
selective degradation of the 60S ribosomal subunit during starvation
depends on the ubiquitin protease Ubp3 and its cofactor Bre5 [69].
These ﬁndings suggest that ubiquitin is involved in the selective
turnover of ribosomes, a process now called ribophagy. In agreement
with this hypothesis, ribosomal fractions obtained from ubp3Δ cells
revealed an accumulation of ubiquitinated proteins. Interestingly, the
Rsp5 ubiquitin ligase may also be involved in selective ribosome
turnover [71] because a decrease in the cellular levels of this enzyme
shows a synthetic defect in ribosome degradation. These results
suggest that both ubiquitination and deubiquitination events are
crucial for ribophagy, similar to the degradation of themidbody ring in
mammalian cells [72]. Interestingly, Ubp3 and Bre5 have also been
shown to interact with Atg19 in the Cvt pathway [73], suggesting that
these two factors could regulate other selective types of autophagy.
The targets for Rsp5 and Ubp3/Bre5 in ribophagy, however, remain to
be identiﬁed.
The ﬁnding that inhibition of starvation-induced selective ribo-
phagy results in cell death after nutrient starvation supports that
survival depends not only on bulk autophagy but also on selective
types of autophagy [69]. As ribosomes constitute about half of the
total cellular protein, their degradation may be a major amino acidsource under nutrient limiting conditions. Furthermore, because both
ribosome biogenesis and protein translation are highly energy
consuming processes, ribophagy might contribute to the rapid
downregulation of these processes and effectively save energy.
In agreement with the ﬁndings obtained with yeast, a proteomic
analysis observed that ribosome degradation by autophagy in
mammalian cells also follows degradation kinetics different from
that of the turnover of cytoplasmic proteins [74]. However, while
ribosomes are degraded faster than cytosolic components in yeast, the
turnover of these complexes is delayed compared to cytoplasmic
material in mammalian cells, implying a selective nature of this
process. Whether the mammalian counterparts of Ubp3 and Bre5,
USP10 and G3BP1, are involved in ribophagy remains to be
investigated.
An interesting aspect, which has not been addressed to date is if
ribophagy can target defective ribosomes, and thus contribute to
quality control. It has been shown that eukaryotes can eliminate
translationally defective ribosomes [75]. The mechanism of this
speciﬁc degradation has not been investigated but ribophagy could
be an important component of this quality control process. Mutations
in ribosomal subunits in mammalian cells have been found associated
with different diseases, including the Shwachman–Bodian–Diamond
syndrome [76]. Therefore, the ability to modulate ribophagy could be
crucial for cell homeostasis.
2.7. Selective degradation of cytoplasmic proteins during bulk autophagy
Cytosolic proteins are considered to be randomly degraded by bulk
autophagy triggered by nutrient limitation. However, in addition to
the selective turnover of larger structures such as organelles and
pathogens, some proteins are also preferentially degraded by
autophagy implying a speciﬁc recognition. In a systematic study in
yeast, it has been shown that the cytosolic acetaldehyde dehydrogen-
ase Ald6 is preferentially transported to the vacuole by autophago-
somes. Ald6 overexpression causes cell death, implying that the
enzymatic activity of this protein may be disadvantageous for survival
under nutrient limiting conditions and may thus be subjected to a
rapid selective degradation [77]. Themechanism of how this protein is
speciﬁcally enclosed by autophagosomes is still mysterious. Another
protein selectively degraded during bulk autophagy is Lap3. This
cytosolic cysteine protease associates with the prApe1 oligomer and is
targeted to the vacuole upon nitrogen starvation. Accordingly, Lap3
elimination requires Atg11 and Atg19, implicating that Lap3 transport
is mediated by the speciﬁc machinery of the Cvt pathway [78].
Selective autophagic degradation has also been observed in non-
apoptotic programmed cell death, where at least one of the selective
targets of autophagy is catalase, the major enzymatic ROS scavenger.
This protein appears to be selectively degraded in mammalian cells
during autophagy. Caspase 8 inhibition by treatment with zVAD
[benzylox ycarbonyl-valyl-alanyl-aspartic-acid (O-methyl)-ﬂuoro-
methylketone] triggers autophagy and cell death. zVAD induces
selective degradation of catalase because this enzyme is eliminated
faster than other proteins [79]. As a result, cellular levels of ROS
increase and this is lethal for the cells.
3. Selective types of autophagy only described in higher
eukaryotes
3.1. Aggrephagy
One of the most obvious symptoms of patients suffering from
neurodegenerative disorders such as Parkinson's, Alzheimer's and
Huntington's diseases is the increased number of autophagosomes
present in brain tissues [80,81]. The basis of this upregulation is not
known. However, because induction of autophagy prevents or delays
neurodegeneration by eliminating the aberrant aggregates in animal
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autophagy-mediated cell death but rather a mechanism to clear toxic
aggregates [82]. Importantly, autophagy not only serves in these
pathological situations, but it is also active in healthy individuals as its
basal activity prevents the formation of toxic inclusion bodies. When
either ATG5 or ATG7, two proteins part of the core autophagy
machinery, are knocked out in neurons of healthy mice, ubiquitinated
protein aggregates similar to those found in neurodegenerative
disorders accumulate over time and cause neurodegeneration,
indicating that autophagy is important to maintain neuronal cells
aggregate-free [3,4].
Recent ﬁndings suggest that elimination of these toxic aggregates by
autophagy is a selective process and it has been referred to as
aggrephagy. One common component found in inclusion bodies is
p62/sequestosome 1 (p62). p62 acts as an adaptor protein by binding
bothubiquitinpresent in the aggregates via its C-terminusandAtg8/LC3,
amembrane component of autophagosomes, through a conservedmotif
in the middle of the protein [83,84]. Elimination of one of these two
domains results in the failure of enwrapping protein aggregates into
autophagosomes, suggesting that p62 is essential for the speciﬁc
recognition and packaging of ubiquitinated cargoes into double-
membrane vesicles. This idea is supported by recent work where
artiﬁcial tagging of cytoplasmic proteins and peroxisomes with mono-
ubiquitin was sufﬁcient to target them for autophagic degradation in a
p62-dependentmanner [85]. p62 andubiquitin have also been shown to
be required for another type of selective autophagy, namely the
degradation of the midbody ring [72].
3.2. Xenophagy and MHC class II crosspresentation
Certain pathogens, including bacteria and viruses, can be selec-
tively recognized and degraded by autophagy [86,87]. This type of
selective autophagy is called xenophagy and it has been found that the
peptides resulting from hydrolytic degradation of the pathogens can
be loaded onto MHC class II molecules, which are subsequently
transported to the cell surface for presentation to cells of the
immunosystem. Therefore, autophagy participates in adaptive immu-
nity by presenting intracellular antigens, a process also known as
crosspresentation [88–90].
Another striking mechanism of selective autophagy is demon-
strated by the host cell defense mechanism against the pathogen
Shigella ﬂexneri. First, Atg5 binds S. ﬂexneri's surface protein VirG, to
permit selective targeting of the bacterium to autophagosomes.
However, this pathogen has developed a strategy to block this
recognition event. It secretes another protein, IcsB, which competi-
tively inhibits the association of Atg5 with VirG, thereby allowing the
bacterium to escape its degradation in the lysosomes [91].
4. Are there common principles for selective autophagy?
During the last years, it has become obvious that autophagy plays
an important role in maintaining cell and organism viability by
carrying out numerous crucial functions. Several cellular quality
control and regulatory checkpoints exist, which can induce autopha-
gic degradation of excessive, damaged or misfolded structures, via
either micro- or macroautophagy. In certain situations, it appears that
environmental conditions inﬂuence the choice between these two
transport routes to the vacuole/lysosome. Moreover, environmental
or cellular conditions can also determine if these processes are
selective in nature. However, the underlying regulatory mechanisms
are still a mystery.
Nevertheless, available evidence suggests two general mechan-
isms for cargo recognition. First, a factor on the surface of the cargo
molecule might become available to bind an adaptor/receptor that
carries out an identical function. Examples for such factors are the
Atg19 binding motif on Ape1 in the Cvt pathway and Pex14 inpexophagy. A peculiar aspect that makes selective types of autophagy
different from other vesicle-mediated pathways stems from the
observation that cargo appears to induce the assembly of the Atg
machinery and the subsequent formation of an autophagosome [92].
This has clearly been shown for the Cvt pathway [12], but appears also
to be the case for other selective types of autophagy. The adaptor/
receptor probably plays a key role in this process and the fact that the
double-membrane vesicles are induced and shaped adjacently to the
cargo could provide the molecular basis that contributes to the
speciﬁcity of these pathways [92] (Fig. 2).
The second emerging principle for selective cargo recognition is
the involvement of ubiquitin as a signaling molecule. The cargo
destined for destruction is marked with ubiquitin, which is then
recognized by an adaptor/receptor-like component such as p62 to
mediate the inclusion of the cargo into an autophagosome. For
example, the ubiquitin ligase Parkin is selectively recruited to
dysfunctional mitochondria and promotes their engulfment, possibly
by marking these organelles with ubiquitin. However, ubiquitin
cannot only promote engulfment of cargo by autophagosomes, but
may also prevent cargo uptake in some cases, as described for
ribosomes and the midbody structure. In the case of ribophagy, it has
been found that in addition to the deubiquitinase Ubp3, the Rsp5
ubiquitin ligase is also required for ribophagy function, suggesting
that both ubiquitination and deubiquitination reactions may be
involved in regulating the selective uptake of ribosomes into
autophagosomes. Therefore, ubiquitination might serve both as a
signal to promote and prevent cargo recognition and engulfment by
the autophagy machinery.
Another common requirement shared by several selective types of
autophagy in yeast is the actin cytoskeleton. It has been found that
actin ﬁlaments are required for the Cvt pathway but not for non-
selective macroautophagy [93]. The Cvt pathway is blocked by certain
actin point mutants or when cells are treated with the actin
depolymerizing drug latrunculin A. Under these conditions, the
prApe1 oligomer fails to be recruited to the PAS and cycling of Atg9
is strongly impaired. The prApe1 oligomer and Atg9 are associated
through Atg11 and in its absence, similar defects as those detected
after disruption of actin ﬁlaments are observed [93]. These data
indicate that Atg11 may link actin cables to the cargo and the
autophagy machinery [94]. Interestingly, Atg9 transiently interacts
with the Arp2/3 complex in an Atg11-dependent manner [95]. The
Arp2/3 complex mediates nucleation of branched actin ﬁlaments and
by inducing the formation of actin cables, it might generate the
necessary force that directs the cargo to the PAS [95]. In addition to the
Cvt pathway, it has been suggested that an intact cytoskeleton is also
essential for pexophagy, mitophagy and reticulophagy and the
requirement for Atg11 has also been found for pexophagy and
mitophagy, suggesting that the actin-dependent function of Atg11
might be a common feature for selective types of autophagy
[29,58,93]. Even though selective types of autophagy also exist in
higher eukaryotes, no Atg11 functional homolog has been identiﬁed so
far and actin ﬁlament participation in these pathways has not yet been
explored.
The discovery of a multitude of selective types of autophagy is
challenging the notion whether a bulk autophagic process really
exists. Ribosomes are very abundant in the yeast cytoplasm and it has
always been assumed that they are randomly enwrapped into
autophagosomes upon starvation. However, the recent ﬁndings
suggest that speciﬁc signals are essential for their sequestration into
autophagic vesicles under nutrient deprivation, which activates non-
selective autophagy [69]. Likewise, both Lap3 and Ald6 are degraded
by a selective mechanism even during bulk autophagy conditions.
Peroxisomes and mitochondria are also degraded in a selective
manner upon nutrient starvation, and this selection process seems
to be mediated by speciﬁc adaptor/receptor proteins [14,26]. ER
degradation starts only after long periods of nutrient limitation [58],
Fig. 2. Possible commonmechanism(s) for the speciﬁc cargo recognition during selective types of autophagy in yeast. (a) The best characterized cargo recognition event is that of the
prApe1 oligomer in the Cvt pathway. Atg19 acts as the receptor and directly interacts with prApe1. Atg19 also binds Atg11, which in turn, together with the actin cytoskeleton,
mediates the speciﬁc recruitment of the prApe1 oligomer-Atg19 complex to the PAS. (b) Similarly to the Cvt pathway during reticulophagy, Atg19 might serve as a receptor at least
when this process is induced by the UPR. (c) Pexophagy also depends on Atg11, but Atg30mediates the interaction between Atg11 and peroxisomes. In particular, Atg30 binds Pex14,
a peroxisomal membrane protein, thereby selectively recognizing peroxisomes. Pex14 is normally bound to Pex3 and this latter factor has to be removed to induce the autophagic
engulfment of peroxisomes. (d) Mitophagy under starvation conditions also depends on Atg11. Uth1 and Aup1 are also mitophagy-speciﬁc factors, however, whether these proteins
function as adaptors for the selective recognition of mitochondria is still unknown. (e) Deubiquitination of ribosomal subunits and/or proteins associated with these large complexes
is required for ribophagy. Whether Atg11 and a putative receptor are also involved in this pathway remains to be investigated.
1410 C. Kraft et al. / Biochimica et Biophysica Acta 1793 (2009) 1404–1412but it remains unclear how speciﬁc autophagy pathways can choose
speciﬁc targets in time and space. Finally, cells must be able to
determine the minimal organelle number and protect them from
degradation by autophagy during prolonged periods of starvation, as
not all mitochondria or ribosomes are eliminated to ensure a limited
amount of metabolic activity. However, the molecular mechanisms
that spare remaining organelles and limit speciﬁc autophagy path-
ways remain to be investigated.
All these are speculative views, but they mirror our limited
knowledge about the regulation and molecular mechanisms under-
lying the selective types of autophagy. Future investigations will
certainly help to shed light on these important issues and be valuable
to establish the conceptual basis to potentially use autophagy
pathways to selectively induce degradation of aberrant structures in
pathological situations.
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